Introduction {#Sec1}
============

The recent interest in highly luminescent semiconductor nanocrystals has led to immense growth in their use in various applications such as bioimaging and immunoassays \[[@CR1]--[@CR5]\]. However, there is still a need for analytical methods that can provide quantitative and qualitative characterizations of nanostructure surface modifications (e.g., bioconjugation), commonly used in such assays. Although electron/scanning probe microscopies and X-ray/neutron scattering techniques have been applied to determine nanocrystal (NCs) core or core/shell dimensions \[[@CR6]\], analytical methods for characterizing the nanocrystals surface and the degree of surface modification is deeply limited. Solution-based techniques such as fluorescence and Raman spectroscopies, due to a core complicate spectral effects \[[@CR7]\] and possible energy transfer \[[@CR4], [@CR5], [@CR8]\], as well as gel electrophoresis \[[@CR9]--[@CR11]\] have been shown to provide only semi-quantitative results. On the other hand, capillary electrophoresis (CE) has recently been demonstrated to have a potentially large utility in the quantitative separation of nanocrystalline structures (reviews: \[[@CR12]--[@CR15]\]). Although the separation mechanism for nanoparticles is less linear than for traditional molecular and ionic CE solutes, the intrinsic hydrodynamic and electrophoretic properties of nanoparticles, before and after surface modification, have been shown proved to be an affordable tool for the characterization of nanostructures \[[@CR16], [@CR17]\]. In this context, the quantitative relationship between a width of CE peak and a size distribution of particular particles \[[@CR16]\], the interaction between two nanostructures functionalized with biological ligands \[[@CR18]\], the determination of NCs effective charge and concentration by means of capillary isotachopheresis \[[@CR19]\], as well as the reversed electrode polarity stacking method of CE, with the use of anionic surfactant, for enrichment of Au nanoparticles \[[@CR14], [@CR20]--[@CR22]\] have been reported recently.

It is generally accepted that electrophoretic migration of nanoparticles is much more complex phenomenon than migration of a typical solute. For a charged spherical particle dispersed in an electrolyte, the following forces have to be considered: (1) the electrostatic force exerted by the applied electric field, (2) Stokes friction, (3) electrophoretic retardation, and (4) relaxation effects \[[@CR12], [@CR16]\]. Depending on particle size (speaking precisely, the value of κ*a* the ratio of the radius of the core particle (*a*) to the electrical double-layer thickness (*κ*^*−*1^)), Helmholtz--Smoluchowski, Hückel--Onsager, or Henry's equation, respectively, should be applied for the characterization of the particles migration \[[@CR23]\]. For particles at the nanoscale, the Henry's equation seems to be the most appropriate, however with the limitation that *ζ*-potential should be \<25--50 mV \[[@CR23]\]. Many studies have substantiated that nanoparticles migration velocity is reliant on zeta potential and particle size \[[@CR12], [@CR13], [@CR16]\].

In the present work, the electrophoretic separation of nanoparticles coated with surfactant molecules was examined in order to develop a method suitable for separating a wide range of nanoparticles. Covering nanostructures with amphiphilic molecules was used to the functionalization of nanostructures, e.g., solubilization of nanocrystals \[[@CR24]--[@CR30]\], single-walled nanotubes \[[@CR31]--[@CR34]\], and fullerenes \[[@CR35]\], and these were reviewed recently \[[@CR1], [@CR5]\]. For these examples, anionic (e.g., sodium dodecyl sulfate (SDS), dioctylsulfosuccinate (DOSS)), cationic (CTAB), or non-ionic (Tritons) surfactants were used for coating, with the consequence of imposing a surface charge on the nanostructures and consequent electrostatic double-layer sufficient for the separation under aqueous electrophoretic conditions. Capillary electrophoretic methods \[[@CR29], [@CR30], [@CR34], [@CR35]\] were applied to characterize modified in this way nanostructures.

In order to overcome the limitations in the electrophoretic separation of nanoparticles, imposed by four forces mentioned above, the introduced recently to literature the separation tool---a micellar plug, has been examined. According to literature reports, the micellar plug was used as a preconcentration/separation tool for solute molecules \[[@CR36]--[@CR41]\] and based on this tool a novel separation mechanism (analyte focusing by micelle collapse) was introduced recently to separation science \[[@CR37]\]. However, in the case of nanoparticles, apart from the preliminary results \[[@CR30]\], the tool has not been applied yet. In the present work it was found that, preconcentration of NCs within a micellar plug allows NCs to be focused with high separation efficiency (*N* \~ 10^7^--10^8^). By modifying electrophoretic conditions, NCs were forced to exit the micellar plug and migrate, e.g., according to CZE mechanism, this with lower separation efficiency (N \~ 10^5^). Note that focusing of volume solutes (bacteria) with ultrahigh CE separation efficiency (N \~ 10^9^), presumably due to solute--solute interaction, was reported \[[@CR13], [@CR42]\].

In the present work, CdSe NCs, surface-modified with dihydrolipoic acid (DHLA), 1, 10-phenathroline derivative (PhSO~3~)~2~(NN), DNA oligomer, as well as commercial amine-terminated nanoparticles as test solutes have been applied to examine the novel separation scheme. Secondly, the established mode of the separation was used to control the modification of surface of nanoparticles, where unmodified and modified nanoparticles were monitored simultaneously.

These results will be especially valuable in monitoring and controlling the conjugation of biologically active molecules to NC surfaces for improved bioassays.

Experimental {#Sec2}
============

Instrumentation {#Sec3}
---------------

The TEM instrument (Hitachi H 7000 (Hitachi, Japan)) was operated at 90 kV with a 5% standard deviation in size determinations. Zetatrac and Nanotrac 151 Ultra (Microtrac, Inc., Montgomeryville, PA) particle size analyzers provided additional size determinations, as well as particles zeta potential. The standard deviation of the instrument in the measured size range was ±2 nm. Gel electrophoresis separation was performed with the use of PowerPac 200, Bio-Rad, Hercules, USA. After separations, gels were photographed under UV light using an Alpha Innotech FluorChem HD2 (San Leandro, USA).

All CE electropherograms were obtained using a P/ACE MDQ CE system from Beckman--Coulter Instruments (Fullerton, CA). System operation and data collection were controlled using Karat 5.0 software supplied by Beckman--Coulter Instruments. CE experiments were performed with the use of 75 μm i.d. × 70 cm long fused-silica capillaries (Polymicro Technologies, Phoenix, AZ). The length from injector to detector was 60 cm. The capillary was conditioned daily by rinsing for 15 min with 0.1 M NaOH followed by 3 min with water and 15 min with running buffer. Injection was performed hydrodynamically by applying 35 mbar for 5 s. The capillary was rinsed with 0.1 M NaOH for 5 min and running buffer for 5 min between runs. The separation capillary was temperature controlled to 25 °C by liquid cooling of the P/ACE MDQ instrument.

Materials {#Sec4}
---------

NCs surface-functionalized with a primary amine moiety (Maple Red-Orange T2-MP EviTags) were purchased from Evident Technologies (Troy, New York). The NCs were composed of cadmium selenide core structures coated with a zinc sulfide outer shell. The total core/shell size was 5--7 nm in diameter (λ~abs~ = 590 nm; λ~em~ = 620 nm, 11 nM). According to the manufacturer, the surface of the nanocrystals contained a lipid polyethylene glycol coupled to amine groups to provide up to 30% coverage with the amine. The total hydrodynamic diameter in water was \~25 nm, according to manufacturer \[[@CR43]\].

For the synthesis of NCs encapsulated in silica, commercially available CdSe/ZnS EviDots (surface passivated with trioctylphosphine (TOP) oxide (TOPO)) were utilized. The absorbance and emission maxima were 590 and 68 nm, respectively, with a provided concentration of 1.5 mg/mL (16 nM) and a 4 nm core/shell diameter \[[@CR43]\]. CdSe/ZnS NCs modified with DHLA were purchased from NANOCO (Manchester, UK) and provided in water at a concentration of 10 mg/mL. The absorbance and emission maxima were 590 and 610 nm, respectively.

The DNA oligomer, with a sequence of 5′-HS-(CH~2~)~6~-GGCCACTAACATGGGGACCA-3′, was provided at by Biosearch Technologies (Novato, CA). The DNA sample was diluted in 10 mM borate buffer to a concentration of 250 nM. PD-10 columns-Sephadex G-25, as well as Superdex 200 column (GE Healtcare Bio-Sciences AB, Uppsala, Sweden). Immobilized tris(2-carboxyethyl)phosphine (TCEP) disulfide reducing gel and succinimidyl-4-(*N*-maleimidomethyl)-cyclohexane-1-carboxylate (SMCC) (Pierce Biotechnology, Rockford, USA).

For the synthesis of the TOP coated CdSe nanoparticles, the cadmium oxide (\~1 μm, 99.5%), selenium powder (100 mesh, 99.999%), trioctylphosphine (TOP, 90%) from Sigma-Aldrich (St. Louis, MO) were used. Sodium tetraborate, (PhSO~3~)~2~(NN) (4,7-diphenyl-1,10-phenanthroline-disulfonic acid disodium salt), tetraethyl orthosilicate, as well as surfactants: sodium dioctylsulfosuccinate (DOSS), sodium laurate (LA), sodium oleate (OA) and Triton X-100 (polyethylene(10) isoctylphenyl ether); poly(ethylene oxide) M~v~ 8,000,000 and 600,000, 100,000 were obtained from Sigma-Aldrich (St. Louis, MO). Silica compounds APTEC and THPMP used for NCs silica encapsulation were from Gelest (Morrisville, USA). Materials: Agarose, 1× Tris/borate/EDTA (TBE) and solvents: chloroform, toluene, cyclohexane (Fisher Scientific, USA). Amicon Ultra 15 centrifugal filter tubes (100,000 NMWL) and 18.2 MΩ MilliporeWater (Millipore, Billerica USA) were used throughout the present work.

Bioconjugation of NCs with DNA oligomers {#Sec5}
----------------------------------------

Conjugation of amine-EviTags or silica-encapsulated EviDots with DNA oligomer was carried out according to protocols provided by the manufacturer \[[@CR43]\]. A 2 nanomole of NCs was activated using succinimidyl-4-(*N*-maleimidomethyl)-cyclohexane-1-carboxylate (SMCC). Size exclusion chromatography (SEC) using a PD-10 column was used to remove excess SMCC. Immobilized TCEP disulfide reducing gel was added to the oligomer solution to expose free --SH groups and then removed by centrifugation. Activated NCs were covalently attached to the reduced aptamer by combining both solutions for 4 h (or overnight). The NC-oligomer conjugate was centrifuged through Amicon Microsep 100,000 spin filters at 3,000 rpm to concentrate the samples prior to final purification by SEC using Superdex 200.

Preparation of CdSe/ZnS/silica functionalized NCs {#Sec6}
-------------------------------------------------

The silica encapsulation process utilized hydrophobic CdSe/ZnS EviDots as a base substrate (manuscript in preparation). In brief (Fig. S[8](#MOESM1){ref-type=""} in the Electronic supplementary material), hydrophobic EviDots were transferred from toluene to water through the formation of a surfactant/lipid bilayer on the NCs surface. A microemulsion was then prepared by addition of the water soluble nanostructures to cyclohexane. The addition of tetraethyl orthosilicate and base initiates silica polymerization on the NCs surface. Toward the end of the polymerization, 3-aminopropyltriethoxysilane and 3-(trihydroxysilyl)propyl methylphosphonate, monosodium salt were introduced into the emulsion to provide water solubility and surface reactivity. In order to obtain aptamer derivative (CdSe/ZnS/silica/aptamer), the procedure presented above was applied.

TEM sizing of silica-encapsulated CdSe/ZnS NCs {#Sec7}
----------------------------------------------

One drop of a dilute sample of NCs in water solution was placed onto a Formvar-coated copper grid and allowed to settle for 20 s and wicked away using an absorbent tissue. Size analysis was performed on captured digital images using ImageJ V. 1.34 s program.

Agarose gel electrophoresis {#Sec8}
---------------------------

Separation of NCs before and after oligomer conjugation was conducted using previously reported agarose gel electrophoresis conditions \[[@CR9]--[@CR11]\]. Samples were run on a 1% agarose gel in 1× TBE for 60--70 min using the BioRad PowerPac 200 apparatus set at a constant voltage of 90 V. The gels were photographed under UV light using an Alpha Innotech FluorChem HD2.

Capillary electrophoresis separation {#Sec9}
------------------------------------

For the preliminary experiments a micellar plug containing CdSe/TOP//LA NCs, obtained by dispersing CdSe/TOP NCs in TX-100/LA solution was used. Other samples prepared for CE experiments were obtained by adding, up to 10 μL of mixture of TX-100 and DOSS solution to a 10 μL solution of functionalized and non-functionalized nanostructures (CdSe NCs, CdSe/ZnS NCs, CdSe/ZnS//silica shell nanoparticles (NPs)). Sample solutions were injected into the capillary from the anode side with 35 mbar for 5 s. Separation buffers contained 10 mM sodium tetraborate were applied. The buffer was modified (typically: 5 or 10 mM sodium tetraborate, pH 9.4) by adding methanol (MeOH) or acetonitrile (ACN) in the range up to 40% (v:v). Details of each separation buffer composition are specified in the figure captions. Separations were conducted using voltages in the range of 3--25 kV. Peak parameters (peak area, height, width, as well as peak spectrum) were obtained using the instrument software.

Results and discussion {#Sec10}
======================

Capillary electrophoresis of CdSe NCs coated with amphiphilic molecules {#Sec11}
-----------------------------------------------------------------------

In the present work CdSe NCs passivated by surface TOP ligands were synthesized and characterized. By dispersing such NCs in aqueous solution of anionic amphiphiles, the aqueous soluble, an amphiphile-coated nanocrystals, in the form of CdSe/TOP//amphiphile NCs were obtained. Both procedures (synthesis and modification of CdSe nanocrystals) and basic characterization of such structures were included in the Electronic supplementary material along with Fig. S[1](#AppESM1){ref-type="sec"}.

Either CZE or MEKC capillary electrophoretic mode was reported to be applied to visualize peak for CdSe/amphiphile NCs \[[@CR30]\], and these modes were applied here toward CdSe/TOP//LA NCs (Fig. [1](#Fig1){ref-type="fig"}(frames a, c)). An interesting situation was obtained by introducing a micellar plug of non-ionic surfactant for mobilizing CdSe/TOP//LA NCs. In this case, a new peak for CdSe/TOP//amphiphile NCs was observed, regardless of CE separation mode applied (Fig. [1](#Fig1){ref-type="fig"}(frames b, d)). This issue was additionally confirmed using only CZE mode, to avoid additional equilibria due to MEKC mode (Fig. [2](#Fig2){ref-type="fig"}). In this case, CdSe/TOP//LA NCs were visualized as CZE peak (frame a), focused peak (frame c) or as both peaks simultaneously (frame b). There is two order difference in separation efficiencies, in terms of theoretical numbers of plates (*N* = 5.54\[t~i~/(peak area~i~/peak height~i~)\]^2^, \[[@CR44]\]), between CZE peak (frame a) and focused NCs (frame c), which is a direct evidence that both peaks were obtained due to different separation mechanisms---this despite the use of the same CE mode (CZE) applied to run the sample.

Specifically, CZE electropherograms for focused NCs were recorded at two wavelengths of UV--vis detector (Fig. [3](#Fig3){ref-type="fig"}), thus at λ = 330 nm, selective for only NCs and at λ = 245 nm for both components, micellar plug and NCs, respectively (see Fig. [3](#Fig3){ref-type="fig"}(inset)). The obtained picture shows (Fig. [3](#Fig3){ref-type="fig"}) that CdSe/TOP//LA NCs, in the form of a narrow zone, were located inside a broader micellar plug, at the boundary between micellar and micelle-free zone (frame b). This denotes a preconcentration mechanism in this situation.

It was established that the electrophoretic conditions used to obtain focused peak for CdSe/TOP//amphiphile NCs preclude separation of two NCs of different dimensions or coated with different surfactants and only one cumulative peak was seen at the border between micellar and micelle-free zone. In order to overcome this limitation, composition of either an electrolyte buffer or a micellar plug was modified either by changing an ionic strength or by adding organic solvents. Both ways allow CdSe/TOP/amphiphile NCs to be released from micellar plug to electrolyte buffer, to form a new peak (Fig. [4](#Fig4){ref-type="fig"}); with the most important remark, that the effect can be controlled by current electrophoretic conditions. Obviously, in this case, when NCs passing the boundary micellar/micelle-free zone, the colloidal particles are destabilized, which leads to a decrease in separation efficiency (*N* \~ 10^5^--10^6^) (Fig. [4](#Fig4){ref-type="fig"}). This is similar level of N to this reported for the CZE separation of charged nanoparticles \[[@CR17]\].

Electrophoretic phenomena for CdSe/TOP//amphiphile---a comment {#Sec12}
--------------------------------------------------------------

Functionalization of CdSe NCs using ionic amphiphilic molecules allows introduce electrostatic double-layer sufficient for separating NCs under aqueous conditions. However, specifically for amphiphile-coated NCs a few additional issues should be discussed in order to explain electrophoretic results presented in the section above (Figs. [1](#Fig1){ref-type="fig"}−[3](#Fig3){ref-type="fig"}). Firstly, based on results of the previous work \[[@CR30]\], the co-migration of micellar aggregates with amphiphile-coated CdSe NCs, irrespective of an amphiphile applied (ionic or non-ionic), was observed (MEKC). This was additionally confirmed in the present work (Fig. [1](#Fig1){ref-type="fig"}). However, the co-migration of aqueous soluble NCs with micellar aggregates (detected by hydrophobic marker---Sudan III) is a contradiction. The shift in NCs migration means that there is a significant interaction between NCs and micellar aggregates enforced by structural and behavioral similarity between surfactant-coated NCs and regular micelles (in terms of size, the presence of charged or polar surface groups). This forces NCs to be incorporated into the zone of micellar aggregates, which means that those NCs can be regarded as pseudomicelles, with higher affinity toward a zone of micellar aggregates than toward a micelle-free zone. This means that pseudomicelles did form a stable mixed pseudomicellar phase with regular micelles and under this state NCs could be manipulated in terms of appropriate electrophoretic phenomena (transport, accumulation, and release).

Secondly, apart from this aspect, the migration mechanism using a micellar plug as a separation tool is necessary to discuss in order to analyse results above (Figs. [1](#Fig1){ref-type="fig"}−[3](#Fig3){ref-type="fig"}). Recently, the tool was introduced to the separation science and used to separate or preconcentrate variety of solutes \[[@CR36]--[@CR41]\]. Taking both issues into account (formation of mixed pseudomicellar system and the use a micellar plug as a separation tool) it can be stated that focusing of NCs is due the preconcentration mechanism, based on the formation of mixed pseudomicellar system. Modifying electrophoretic conditions (Fig. [4](#Fig4){ref-type="fig"}), the controllable release of CdSe/TOP//amphiphile NCs from micellar plug to electrolyte buffer was observed and this effect formally means the demixing of a narrow zone of mixed pseudomicelles at the micelle/micelle-free boundary (denoted as MDZ, \[[@CR37]\]). The released from micellar plug NCs were found to migrate according to, e.g., CZE mode. The meaning of statements above is, that applying the micellar plug for NCs, the electrophoretic mechanism can be switched from one mechanism (NCs preconcentration in a micellar plug) to another (CZE mode for NCs migrated outside a micellar plug), as well as two mechanisms were available simultaneously, under the same run (e.g., Figs. [2b](#Fig2){ref-type="fig"} or [@CR4]). The latest remark is in agreement with Quirino \[[@CR38]\], where double mechanism on the same run, using a micellar plug, was reported.

Due to the importance of phenomena discussed above, the present section was extended, in the form of a more detailed discussion included to the [Electronic supplementary material](#AppESM1){ref-type="sec"}, along with Figs. S[2](#MOESM1){ref-type=""}−S[4](#MOESM1){ref-type=""} in the Electronic supplementary material. A wider discussion on the above-mentioned mechanism is related with Fig. S[4](#MOESM1){ref-type=""} in the Electronic supplementary material). Also, within this section two issues were highlighted. Firstly, it was indicated that the modification of an electrolyte buffer proved to be the most effective way for releasing CdSe/TOP//amphiphile NCs from a micellar plug, in contrast to modification of a micellar plug alone (Fig. S[2](#MOESM1){ref-type=""} in the Electronic supplementary material). This additionally confirms that demixing of a narrow zone of mixed pseudomicelles found between a micellar plug and an electrolyte buffer is the key factor for NCs exit. This way of modification was applied in sections below, where NCs exit a micellar plug was used as a tool for NCs discrimination. Secondly, Fig. S[3](#MOESM1){ref-type=""} in the Electronic supplementary material shows that applying various voltages, each NCs peak (focused NCs vs. CZE peak for NCs) responses differently in terms of peaks shape, which additionally confirms the occurrence of double mechanisms, on the single electrophoretic run.

The last issue worth discussing is the shape similarity between focused NCs (sharp peak) and a peak (generally for particles) called in literature "spikes" \[[@CR12]\]. These are sharp peaks with no reproducible migration, due to the presence of small aggregates. However, the observed in the present work, a sharp peak for focused NCs is definitely not a spike as the peak position proved to be reproducible and can be controlled by current electrophoretic conditions. Also, additional conditions applied, in order to remove aggregates from the sample (centrifugation, ultrasonification) did not change an electropherogram, that a sharp peak for NCs within a micellar plug (focusing) was seen, generally without major changes.

Capillary electrophoresis of NCs modified with bidentate surface ligands {#Sec13}
------------------------------------------------------------------------

In this section, the focusing effect was examined for CdSe/ZnS NCs coated with anionic SDS surfactant, as well as CdSe/ZnS NCs passivated by negatively charged bidentate ligands (Scheme S[1](#MOESM1){ref-type=""} in the Electronic supplementary materials). The purpose of this experiment was to demonstrate that CE phenomena discussed in both Sections above are suitable for manipulating peaks of NCs others than those coated with surfactants. Bidentate ligands were chosen due to their common use in NCs surface functionalization and their ability to stabilize (NC ligand) system and provide water solubility of the final product. Commercially available core/shell (CdSe/ZnS) NCs passivated by TOPO or DHLA ligands were used in the experiments, below (Fig. [5](#Fig5){ref-type="fig"}). Fig. 1Effect of the addition of the non-ionic surfactant (TX-100) to the sample of CdSe/TOP//LA NCs. Sample analyzed: CdSe NCs coated with sodium laurate; nanocrystal size, 3.4 nm (sample preparation, CdSe NCs dispersed in 200 mM sodium laurate). *a*--*b CZE mode*, electrolyte buffer, 20 mM sodium tetraborate; *c*--*d*, *MEKC mode*, electrolyte buffer, 50 mM SDS containing 10 mM sodium tetraborate. *a*, *c* Only CdSe NCs coated with sodium laurate; *b*, *d* Same samples containing the non-ionic surfactant (TX-100); *b* 6% and *d* 8% TX-100, respectively. Voltage applied: *a*, *b* +25 kV (77 μA) and *c*, *d* +20 kV (42 μA). Detection: UV--vis, λ = 330 nm. Sample injection: 50 mbar/0.3 min. *a* (*inset*) Spectra for TX-100, as well as for NCs uncoated and coated with sodium laurate, respectively. The *vertical arrow* shows the detection choice, selective for NCs (λ = 330 nm). The detection wavelength (λ = 330 nm) was checked applying a blank sample (200 mM sodium laurate/10% TX-100) (*b* (*inset*)). Finally, *d* (*inset*) is the MEKC separation of a pair of markers at the MEKC conditions applied hereFig. 2Effect of concentration of the non-ionic surfactant (TX-100) in the plug on the form of peaks for CdSe/TOP//LA NCs. Sample: CdSe/TOP NCs dispersed in 0.2 M LA containing: *a* 0.5% TX-100 (only CZE peak), *b* 3% TX-100 (both CZE and focused peaks), and *c* 10% TX-100 (only focused peak). Separation conditions: electrolyte buffer 10 mM sodium tetraborate, applied voltage +20 kV (measured current 40 μA), detection λ = 330 nm. Sample injection: 50 mbar/0.3 min. CdSe/TOP//LA QDs size, 3.4 nmFig. 3Visualization of CdSe/TOP//LA NCs being in micellar plug by using two wavelengths of the detector. Sample: CdSe/TOP NCs dispersed in 10% *w*/*w* TX-100 containing 0.2 M LA. Blank sample: 10% *w*/*w* TX-100 containing 0.2 M LA. *a* Detection at 330 nm (only peak of focused NCs); *b* detection at 245 nm (both micellar plug and focused NCs); *c* detection at 245 nm (micellar plug → injection of a blank sample only). *Peaks A* CdSe/TOP//LA NCs; *B* micellar plug (TX-100/LA). Separation conditions: running buffer 10 mM sodium tetraborate, voltage +20 kV. Sample injection: 50 mbar/0.3 min. Absorbance axis of each frame is set at the same level in order to show peaks proportions. *a* (*inset*) The spectra for TX-100 and CdSe/TOP//LA NCs, respectively. *Vertical arrows* show wavelengths applied to UV--vis detector of the CE setFig. 4Effect of the electrolyte buffer modification on distribution of CdSe/TOP NCs coated with the LA surfactant. *a* Peak of CdSe/TOP//LA NCs in micellar plug. *b* CdSe/TOP//LA being in the micellar plug and the electrolyte buffer zone simultaneously. *c* Peak of CdSe/TOP//LA in electrolyte buffer zone. Sample preparation: CdSe/TOP NCs, core size 2.9 nm, dispersed in mixture of 0.5 ml 10% *w*/*w* TX-100 containing 0.2 M LA. Separation conditions: *a* 10 mM sodium tetraborate; *b* 10 mM sodium tetraborate/20% ACN; *c* 10 mM sodium tetraborate/30% ACN; all +20 kV. All peaks were detected at λ = 330 nm, selective for NCs. In this situation (peak in micellar plug vs. peak in electrolyte buffer zone), SEF~height~ was equal to 7. Each frame is set at the same AU (axis) to show peaks height proportions. In addition, each of the situation is graphically illustrated to distinguish migration phenomena, where yellow zone is the micellar plug (TX-100/LA) and red zone is the NCs zone of CdSe/TOP//LA NCs

Shown in Fig. [5](#Fig5){ref-type="fig"}. (electropherograms a--c) are results for the separation of NC starting material, A---CdSe/ZnS/TOPO NCs, and its derivatized product, B---CdSe/ZnS/DHLA. The mixture was prepared by adding solution of CdSe/DHLA to SDS surfactant solution containing CdSe/ZnS/TOPO to form (CdSe/ZnS/TOPO//SDS) and the final solution was then injected for CE separation. The separation buffer was 10 mM sodium tetraborate with varying amounts of organic modifier, ACN, to manipulate the selectivity of the separation. When no organic modifier was used, both NCs co-migrated within the micellar plug. Although, focusing of the NCs into a narrow zone was achieved, resolution of the two different NCs was not observed. With 10% ACN in the separation buffer (electropherogram b), the focusing effect was still observed and partial resolution of the nanocrystals was observed as shown in the inset. Increasing ACN to 15% caused both nanocrystal structures to migrate outside the micellar plug (electropherogram c). As can be seen, although the focusing effect was essentially gone, the two nanostructures could easily be separated. Fig. 5Comparison of the separation of two couples of modified NCs with the use of micellar zone mode. Electropherograms: *a*--*c* Mixture of *A*, CdSe/ZnS/TOPO//SDS and *B*, CdSe/ZnS/DHLA. Electrolyte buffer: *a* 10 mM sodium tetraborate (both NCs in micellar zone); *b* 10 mM sodium borate/10% ACN (peak CdSe/ZnS/TOPO//SDS in micellar zone, peak CdSe/ZnS/DHLA in buffer zone); *c* 10 mM sodium borate/15% ACN (both NCs in buffer zone). Electropherograms: *d*--*f* mixture of *A*, CdSe/ZnS/TOPO//SDS and *C*, CdSe/ZnS/(PhSO~3~)~2~(NN). Electrolyte buffer: *d* 10 mM sodium tetraborate (both NCs in micellar zone); *e* 10 mM sodium tetraborate/15% ACN (peak CdSe/ZnS/(PhSO~3~)~2~(NN) in micellar zone, peak CdSe/ZnS/TOPO//SDS in buffer zone); *f* 10 mM sodium tetraborate/20% ACN (both NCs in buffer zone). Peak of NCs was confirmed by the DAD spectrum of the appropriate peak, as shown in the example (*f*). Voltage: +17 kV for all examples. Detection wavelength: *a*--*e* 293 nm; *c* 244 nm; *f* 237 nm

An additional example was demonstrated for separating CdSe/ZnS/TOPO and its ligand-exchange product, CdSe/ZnS/(PhSO~3~)~2~(NN), as shown in electropherograms d-f of Fig. [5](#Fig5){ref-type="fig"}. Like before, a bilayer was formed with an SDS surfactant on the CdSe/ZnS/TOPO surface to provide solubility for aqueous CE conditions. The CdSe/ZnS/(PhSO~3~)~2~(NN) NCs can be easily detected due to characteristic spectra being a superposition of both spectra (nanocrystal and ligand (NN); in agreement with ref. \[[@CR45]\]). Similar to the results above, for DHLA-modified NCs, 0% ACN modifier in the 10 mM sodium tetraborate separation buffer resulted in co-migration of both NCs within micellar plug. However, it was found that at 15% ACN, the distribution of nanocrystals between micellar/micelle-free zone, thus a focusing peak, as well as a peak for NCs being in the electrolyte buffer, were obtained (electropherogram e). At 20% ACN modifier, loss of the NC focusing was observed as the NCs migrated outside the micellar zone into the micelle-free buffer zone. Fig. 6Electrophoretic separation of silica-encapsulated CdSe/ZnS NPs and its bioconjugated with aptamer form: **a** CdSe/ZnS silica-encapsulated NPs; **b** sample obtained after bioconjugation with aptamer and SEC purification. Electropherograms: **a**---*A*, NC/silica NPs, **b**---*A*, NC/silica NPs; *B*, NC/silica/aptamer NPs. Samples: **a** the concentration NC/silica NPs in sample, based on UV--vis spectra is \~ 2.5 μM; solution injected into capillary was a mixture (sample/surfactant = 1:3); **b** total NCs concentration (NC/silica + NC/silica/aptamer) in sample based on UV--vis spectra is \~0.83 μM; solution taken to CE analysis (sample/surfactant = 1:1). Composition of surfactant solution, 0.5 g TX-100 (10% *w*/*w*, water solution) was mixed with 0.07 g DOSS. Conditions: electrolyte buffer, 10 mM sodium tetraborate; voltage: 10 kV, detection wavelength 293 nm. **a** (*insets*) Examples of determination of the size of the synthesized CdSe/ZnS/silica shell NPs by TEM image (*left*) and particle size analysis (*right*). Both methods point at average size of silica-encapsulated NCs equal to 14 (±2) nm

The experiment above shows that a release of functionalized nanocrystals from a micellar plug can be controlled and one of factor for this is *ζ*-potential of an apparent nanocrystal. Zeta potential measurements showed values of −116 mV for CdSe/ZnS/DHLA and −7 mV for CdSe/ZnS/(PhSO~3~)~2~(NN) NCs, and reason for this can be a much extensive coverage of CdSe crystal surface with DHLA than with bulkier (PhSO~3~)~2~(NN) ligand. For CdSe/TOP//SDS NCs the *ζ*-potential (\< −25 mV) was estimated \[[@CR30]\]. To conclude both experiments above (Fig. [5](#Fig5){ref-type="fig"}), it can be stated that an electrolyte buffer modification does change affinity of NCs to a micellar plug, which regulates the NCs release from micellar to micelle-free zone. Moreover, the effect can be controlled and relies on the *ζ*-potential of the charged particles.

An extension of the present section is the [Electronic supplementary material](#AppESM1){ref-type="sec"}, where CE separation of test molecules and test NCs was presented. In this section, it was indicated that a micellar plug implemented into separation of NCs, may play a double role: as a tool for regulating migration selectivity for NCs (Fig. S[5](#MOESM1){ref-type=""} in the Electronic supplementary material) and as tool for 1-fold preconcentration of NCs in terms of SEF~height~ (Fig. S[6](#MOESM1){ref-type=""} in the Electronic supplementary material). As test nanocrystals, amine-EviTag NCs were applied, that were used in the section below.

Capillary electrophoresis of NCs modified with DNA {#Sec14}
--------------------------------------------------

Several current bioassays involve the use of biomolecules such as proteins and DNA attached to particles surfaces \[[@CR2], [@CR3]\]. However, only limited methods are available for measuring the degree of particle functionalization with biological ligands and the solution behavior of the biomolecule--nanoparticle conjugate. Thus far, most studies have utilized agarose gel electrophoresis to indicate binding of DNA to the particles surfaces, where the negative charge of DNA provides electrophoretic mobility proportional to the surface coverage \[[@CR9]--[@CR11]\]. A few CE separations of NCs functionalized with biological ligands have been reported \[[@CR17], [@CR18], [@CR46]--[@CR48]\]. In those examples, separations were mainly demonstrated for NCs before or after conjugation to large proteins using the CZE mode of separation.

Here we demonstrate the applicability of focusing mode for separating commercial amine-EviTags NCs functionalized with a DNA oligomer, thiol-terminated 20-mer (Fig. S[7](#MOESM1){ref-type=""} in the Electronic supplementary material). Using procedures described in the Experimental section, the oligomer was attached to the amine-EviTag NCs and purified. The first example for this NCs was already shown in Figs. S[5](#AppESM1){ref-type="sec"} and S[6](#AppESM1){ref-type="sec"} in the Electronic supplementary material, where the migration of test molecule, free DNA oligomer, or amine-EviTags NCs, was shown to be manipulated by the introduced micellar zone.

Firstly, in order to compare, the sample containing amino-NCs starting material and oligomer-NC product was first separated by agarose gel electrophoresis using a previously published method \[[@CR9]--[@CR11]\]. The results (see Fig. S[7](#AppESM1){ref-type="sec"}(frame a) in the Electronic supplementary material) showed that the amino-NCs had a slight migration towards the cathode while the oligomer-NCs possessed substantial mobility towards the anode due to the oligomer polyanion. The lower electrophoretic mobility of amine-EviTags NCs was likely due to relatively low coverage with the primary amine ligands (ca. 30% according to manufacturer).

The mixture of amine-EviTag NCs starting material and oligomer-NC product was next separated by CE. Although several conditions were tested, including one reported recently \[[@CR18]\], traditional zone (CZE) and micellar (MEKC) proved to be unsuccessful in separating both nanocrystals and only one cumulative peak for both NCs was obtained. However, as shown in electropherogram of Fig. S[7](#AppESM1){ref-type="sec"}b (Electronic supplementary material), using CE separation mode with the micellar plug, it was possible to resolve the mixture of both NCs. The separation buffer contained 10 mM sodium tetraborate and 15% ACN as a modifier. The separation was conducted at +20 kV. By tuning the separation conditions, a mixture of the amine-EviTags NCs starting material and the oligomer-modified NCs product were resolved. By observing the online UV--vis spectra (inset), the oligomer-NCs conjugate migrated within the micellar plug, whereas the amine-EviTags NCs migrated outside the micellar plug. This is an interesting result, which shows that despite the negative charge for oligomer-NCs conjugate, as proven by agarose gel electrophoresis (Fig. S[7](#AppESM1){ref-type="sec"}a in the Electronic supplementary material), these NCs were migrated here as focused peak (Fig. S[7](#AppESM1){ref-type="sec"}b in the Electronic supplementary material). On the other hand, electrically neutral NCs were forced to exit a micellar zone (Fig. S[7](#AppESM1){ref-type="sec"}b in the Electronic supplementary material), which is a contradiction to the previous statement, that ζ-potential controls release of the surface modified NCs from a micellar plug to a micelle-free zone.

It can be stated, that volume of a surface ligand attached to NC can be a decisive factor for this and two options should be considered. Firstly, for nanoparticles with less volumetric surface ligands, the distribution of NCs between micellar and micelle-free zone relies on NC ζ-potential, as seen in the section above. Secondly, this could change, considering NCs coated with bulkier ligands, based in the example reported in literature (the nonspecific wrapping of ligands around the particle (e.g., DNA \[[@CR49]\]). In this case, the nanoparticles coated with bulker ligands were, structurally and behaviorally, similar to regular micelles. Note that for nanocrystals coated with ligands of different volumes, nanocrystals hydrodynamic radii do not follow the volume of a surface ligand, which means that conformation of a ligand around a particle (coiled or stretched) regulates the overall volume of a particle \[[@CR50]\]. Thus, the migration of oligomer-NCs within a micellar zone, which led to NCs focusing, should be considered in terms of formation of the mixed pseudomicellar system with pseudomicelles (NCs wrapped by bulky ligands) and regular micelles. This allows these NCs to form more stable phase (mixed pseudomicellar system) compared with NCs coated with less volumetric ligands. To summarize, for this system, the NCs release from the phase (or generally choice between preconcentration/separation mechanisms) is controlled by a volume of a surface ligand attached to a nanostructure and the separation conditions applied.

Capillary electrophoresis of silica-encapsulated NCs modified with DNA {#Sec15}
----------------------------------------------------------------------

Electrophoretic separations were also conducted on CdSe/ZnS NCs encapsulated in a thin shell of functionalized silica. The surface of the nanostructures was functionalized by incorporating aminopropyl- and methylphosphonate-silane monomer at the end of the polymerization (Fig. S[8](#AppESM1){ref-type="sec"} in the Electronic supplementary material). Amino functionality provides reactivity for binding to the thiol-terminated oligomer used here, while methylphosphonate enhanced water solubility. Dynamic light scattering and TEM results indicated the diameter of the NC/silica shell NPs to be 14 ± 2 nm (Fig. [6](#Fig6){ref-type="fig"}). Zeta potential was measured to be −80 mV, which is in agreement with the study of Bulavchenko and Popovetsky \[[@CR51]\], where for SiO~2~ particles, using the electrophoretic measurement, value of −73 mV was obtained. Initially, plain gel electrophoresis was used to monitor the binding of DNA oligomer to the surface of NC/silica shell NPs as described above. However, unlike the results above, plain gel electrophoresis was unable to distinguish between modified and non-modified NC/silica shell NPs (see Fig. S[8](#AppESM1){ref-type="sec"} in the Electronic supplementary material). Ran separately, both NPs migrated toward the anode. Thus, unlike previous case, with commercial amino-EviTags NCs, plain gel electrophoresis was unable to separate NC/silica shell NPs from NC/silica shell NPs modified with oligomer. Similar results were obtained when using recently published capillary electrophoresis methods for separating bioconjugated nanostructures \[[@CR18], [@CR46]\], and despite the peak visualization for individual NPs, no peaks resolution between these two nanoparticles were seen (one cumulative peak was seen, see example Fig. S[9](#AppESM1){ref-type="sec"} in the Electronic supplementary material). This was likely due to the substantial negative surface charge from methylphosphonate functionality and silanol ionization on the NPs surface and further co-migration of both NPs.

However, as shown in the electropherogram of Fig. [6](#Fig6){ref-type="fig"}. the elaborated here conditions were able to successfully separate NC/silica shell NPs from NC/silica shell NPs modified with DNA oligomer. To the sample of NPs the micellar solution (TX-100/DOSS) was added, according to Procedures Section, in order to develop a micellar plug during a CE run. In this case, two peaks for NPs were obtained in the separation and identified by the online UV--vis data as oligo-modified NC/silica shell NPs and unmodified NC/silica shell NPs. Under these conditions, the oligomer-NPs migrated and focused at the trailing edge of the micellar sample zone, while unmodified NPs migrated into the buffer zone. This is similar separation situation as for amino-NCs starting material and oligomer-NC product, discussed in Section above. Both experiments confirm that the NPs distribution is directly related to binding phenomena for nanoparticles/micellar zone system, due to the formation of mixed pseudomicellar system, where NPs coated with bulky ligands can serve as pseudomicelles. For the experiment with NC/silica shell NPs (Fig. [6](#Fig6){ref-type="fig"}), the ratio of both NPs is equal to the ratio of peak areas A to B, as only core of NPs (CdSe/ZnS) determines the particles optical properties. This allows us to estimate the bioconjugation efficiency of 23%. Note that two forms of nanoparticles were detected simultaneously indicating good data reproducibility. However, the precision, in terms of, e.g., measurement of peak area, follows the order: focused NCs within a plug \> NCs being outside the plug, as the former is one-step process (preconcentration), whereas the later is two-step process (preconcentration/release).

Conclusions {#Sec16}
===========

Results obtained in the present work show that an implementation of a micellar plug, is well-suited as an analytical tool for separating and characterizing NCs in solution. It was proved that, using NCs modified with a range of surface ligands, effects: shifting in migration of NCs, preconcentration/separation mechanism for NCs, are universal features in this method, irrespective of nanostructures examined. Based on several examples, it was pointed out that using CE mode with a micellar plug, the distribution of nanostructures between a micellar and a micelle-free zone, regulated by NCs affinity to micellar phase, is the controlling and decisive factor. Thus, the CE run of NCs according to a selected mechanism or due to double mechanism is available, and this was proved based on examples: test molecule/test NCs, as well as two test NCs. Due to developed here method, commercial amine-EviTags, with and without DNA oligomer attached to the nanocrystal surface, were clearly separated. Agarose gel electrophoresis confirmed this result. However, agarose gel and capillary zone electrophoresis could not resolve NC/silica shell NPs from NC/silica/aptamer NPs, due to the relatively large charge inherent to the silica shell. The developed in this work method was able to separate both those NPs to confirm binding of DNA to the NPs surface and due to this the yield of the bioconjugation could be estimated. The separation procedures developed here allow for improving bioconjugation, as well as the product purification procedures, where nanostructures are involved.

Electronic supplementary material {#AppESM1}
---------------------------------

Below is the link to the electronic supplementary material.
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